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Abstract
The aerodynamic noise generated by high Reynolds number flow around a bluff body with large surface roughness was investigated.
This is a relevant problem in many applications, in particular aircraft landing gear noise. A circular cylinder in cross-flow and a
zero-pressure-gradient turbulent boundary layer with various types of roughness was tested in a series of wind tunnel experiments.
It has been shown that distributed roughness covering a circular cylinder affects the spectra over the entire frequency range.
Roughness noise is dominant at high frequencies, and the peak frequency is well described by Howe’s roughness noise model
when scaled with the maximum outer velocity. There are differences between hemispherical and cylindrical roughness elements
for both the circular cylinder and the zero-pressure-gradient turbulent boundary layer cases, indicating a dependence on roughness
shape, not described by the considered roughness noise models. Cylindrical roughness generates higher noise levels at the highest
frequencies, especially for the zero-pressure-gradient turbulent boundary layer case. Cable-type roughness aligned with the mean
flow doesn’t generate roughness noise, and its spectrum has been found to collapse with the smooth cylinder at medium and high
frequencies. At low and medium frequencies the noise spectra have the same features as the smooth cylinder, but with higher
shedding peak levels and fall-off levels, despite the decrease in spanwise correlation length. Roughness induces early separation,
and thus a shift of the spectra to lower frequencies.
c© 2014 Published by Elsevier Ltd.
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1. Introduction
There is an increasing interest in predicting airframe noise radiated by civil aircraft. During approach to landing
engines operate at low power. In that phase, the high-lift devices and the undercarriage are deployed, and it has been
shown that their acoustic power is of the same order as the engines [1]. For this reason, to reduce the overall noise of
modern aircraft during approach to landing both the engine noise and the airframe noise must be reduced.
Current practical landing gear noise prediction models are component-based, i.e. the various components are
divided in groups according to the frequency range in which they predominantly radiate noise [2, 3]. Since the far
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field noise spectra are approximately Strouhal-based, the emitted frequency is assumed to be directly related to their
size; the large elements are responsible for the low frequency region of the spectra, and the small components for the
high frequency region. The large elements (wheels, bogie beam, main strut) are modelled using either empirically
or computationally determined far field noise spectra of elements in isolation, and in absence of small components.
Due to the complexity of the small components, they are either neglected [4, 5] or modelled empirically [3]. Guo
[2] proposed a model in which small components were fully accounted for, assuming they act as a high number of
uncorrelated noise sources which suffer cancellation. However, the method requires to measure/calculate accurately
several surface pressure spectra, and this diminishes significantly its usefulness as a predictive tool. In a later work,
Guo [3] described the small components using a ‘complexity factor’, which is an empirical function of global geo-
metrical parameters of the landing gear and the aircraft size. The predictive power of this approach is limited to the
specific gear configurations used, and is not capable of predicting how changes in the size and location of the small
elements affect the radiated noise. It was shown that, for the predictions to fit the measured far field noise data, the
small components have a dominant role for frequencies typically higher than approximately 1 kHz (for the main gear
of a typical medium range aircraft) [3]. Therefore, if the predictive accuracy at high frequencies is to be increased,
the modelling of the small elements needs improvement. The small components typically have a wide range of shapes
and surface distributions, and are covering the larger components. Due to their geometric variability, they can only be
characterised by their size being much smaller than the size of the large components.
In the present work we introduce a physics-based approach to the modelling of the small components, based on
the following overview of the problem. The large components consist of a set of bluff bodies of various shapes and
orientations. On the upstream face of each of them a favourable pressure gradient turbulent boundary layer (TBL)
grows until it separates, and the small components are immersed in it (Fig. 1). Due to the intense turbulent stresses
within the TBL being close to the small components covering the surface, scattering of turbulent sound sources is
enhanced, in the same way as any vortical flow interacting with a compact body [6]. In this situation dipole sources
appear, directly related with the unsteady forces acting on the small components. This phenomenon is described
by roughness noise theory, and there exist several physical models in the literature for flat walls, which provide the
radiated acoustic field as a function of the roughness geometry and the TBL state. In addition to roughness noise,
small components can potentially affect the low and medium frequency ranges through its effect on the large scales
of the flow, such as the shedding characteristics. This is also of interest in order to improve the acoustic modelling of
the large components.
This approach potentially overcomes the main deficiencies of previous prediction models. First, the geometry (size
and location of the small components) is accounted for physically, and therefore it can account for the dependence
under geometry variations. And second, it doesn’t require prior measurements or simulations. However, the use of
the flat wall roughness noise models has several limitations. First, they don’t account for the scattering of roughness
noise on the bluff body. This is obviously necessary to obtain the correct far field spectra and directivity, and will
be accounted for in a future stage. Second, roughness noise models assume zero-pressure-gradient, fully developed,
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Figure 1. Sketch of the flow around a rough circular cylinder.
TBLs. This is not the case of the TBL growing on the upstream face of a bluff body, where there are strong pressure
gradients, and the TBLs may not be fully developed.
The present work constitutes a first step, prior to tackling the real problem. A simplified configuration has been
considered, consisting of a single circular cylinder, as it is a representative component of landing gears. The clearest
example is the main strut. The roughness characteristics have been chosen by comparison with real geometries.
Roughness size should be relatively large, but at the same time much smaller than the circular cylinder diameter. A
roughness size of about 7% of the cylinder radius has been considered appropriate. Various roughness shapes have
been considered, to account for the geometrical variability of the real case. Finally, attention has been focused to
dense roughness (σ > 0.2−0.3). This is because the roughness noise generation mechanisms described by the models
are a priori valid for any surface density, and it is convenient to have the highest possible roughness noise levels to
maximise the experimental signal-to-noise ratio.
The main goals are to determine the effects of large roughness on circular cylinder noise over the entire frequency
range, and to analyse the extendibility of flat wall roughness noise models to various roughness shapes, as well as to
bluff bodies.
Section 2 contains the background on the roughness noise models considered, and the effects of roughness on the
aerodynamics of circular cylinders. It is convenient to describe with some detail the background on these topics, in or-
der to understand the limitations of the roughness noise models and interpret the results. In Section 3 the experimental
facilities and experimental techniques are described, together with the roughness configurations. In Section 4 the re-
sults are presented and discussed, and is divided in the following parts. First, the flat wall roughness noise models for
various roughness element shapes are validated, and the impact of changes in the TBL thickness is examined. Second,
the relevance and characteristics of bluff body roughness noise is addressed. And third, the effects of roughness at
lower frequencies are analysed, and discussed together with the aerodynamic flow field around the cylinder.
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2. Background
2.1. Roughness noise
Due to its relevance in many engineering applications, roughness noise has been widely studied during the last
thirty years. Howe [7] introduced a theoretical model for hemispherical roughness elements, based on Lighthill’s
acoustic analogy and the compact Green’s function tailored to the roughness elements. The relevant hydrodynamic
field responsible for the dominant noise sources is represented in Howe’s theoretical model through the wall pressure
wavenumber-frequency spectrum. Howe assumed that the convective peak region of the spectrum, |k| ≈ k1 ≈ 2pi f /Uc,
was responsible for the dominant noise sources, and that it was not affected by interstitial flow (k is the wavenumber
vector, Uc is the convective velocity, and f is the frequency). In order to evaluate the two-dimensional integral over
wavenumber space, he used an asymptotic expansion around the convective peak, retaining only the first order term.
Howe stated that neglecting the interstitial flow is only strictly valid if roughness doesn’t protrude into the buffer layer,
i.e. h+ < 20 (h is the geometric roughness height, and the ‘+’ superscript stands for inner scaling). The model predicts
Hersh’s observations [8] that roughness noise scales with the 6th power of the freestream velocity, i.e. it is dipole
in nature. It also predicts that the noise generation efficiency increases for decreasing TBL thickness, which implies
that interstitial flow plays an important role, if any, in the upstream rows of roughness elements. The model also
predicts that the peak frequency for σ ≈ 0.5 is located at f h/uτ ≈ 2.9, where uτ is the friction velocity. The friction
velocity diminishes along the TBL, but the change is small for moderate lengths, and as a first approximation it is
uτ ≈ 0.07Uo. The convective velocity is approximately Uc ≈ 0.6Uo, and therefore the peak frequency is f h/Uc ≈ 0.3
or f h/Uo ≈ 0.18. In a subsequent work, Howe [9] extended his theoretical model to the subconvective region of
the diffracted field. He explicitly used a smooth wall model of the wall pressure wavenumber-frequency spectrum,
appropriately scaled to account for roughness. In addition to the exact diffraction calculation he also introduced a
perturbative approach to the wall boundary condition, consisting of an asymptotic expansion in the roughness height
around the underlying smooth wall, and retaining only the first order term. As Howe stated, this approximation is
strictly valid for sufficiently low frequencies that |k|h ≈ 2pi f h/Uc  1, and for roughness elements with finite slope.
This corresponds to f h/Uo  0.1, which is smaller than the peak frequency predicted by the exact diffraction theory.
Farabee and Geib [10] performed measurements of the wall pressure wavenumber-frequency spectrum of smooth
and rough walls, with roughness as large as h/δ ≈ 0.07 and h+ ≈ 1100. Dense and sparse roughness were used,
although the exact surface density was not reported. The acoustic and subconvective regions of the wall pressure
wavenumber-frequency spectrum were in qualitative agreement with Howe’s diffraction theory.
Liu and Dowling [11, 12] extended Howe’s model by performing the integration over wavenumber space exactly.
Various smooth wall models of the wall pressure wavenumber-frequency spectrum were used, finding little differences
in the roughness noise. The predictions were checked against a set of experimental measurements using large, dense
hemispherical roughness (h/δ ≈ 0.5 and h+ ≈ 330 at the first row of roughness elements), obtaining reasonable
agreement. configuration, but to a much lesser extent. They were attributed to interstitial flow effects related with
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the sharp edges. The increased high frequency noise levels from roughness with sharp edges was also detected
experimentally by Alexander et al. [18], and by Yang and Wang [19, 20] using large eddy simulations.
Glegg and Devenport [13] proposed a different theoretical approach to the problem. They used a perturbation
expansion in the roughness height, retaining only the first order terms. This allows, a priori, to consider any roughness
geometry, as opposed to Howe’s ‘exact’ diffraction theory, which assumes that roughness elements are hemispherical.
The perturbation expansion approach was previously introduced by Howe [9, 14], and is strictly limited to turbulent
sources (eddies) of size much larger than the roughness size, |k|h  1, and roughness elements with finite slope.
Since it is assumed that the dominant contribution to the turbulent sources comes from the convective peak of the wall
pressure wavenumber-frequency spectrum, |k| ≈ k1 ≈ 2pi f /Uc, the limitation |k|h  1 restricts the solution to low
frequencies, f h/Uc  0.16. They also derived a simplified solution for the anomalous case of roughness elements
with vertical sides (infinite slope), assuming that the wavenumber spectrum of the surface slope is constant. In this
case the far field noise is proportional to the point wall pressure spectrum and to the product (koh)2 ∝ ( f h)2. In Glegg
and Devenport’s model the roughness geometry is reduced to the roughness height and roughness slope wavenumber
spectra, which can be calculated if the detailed roughness topology is known. However, this requirement limits the
applicability of the model. Devenport et al. [15] and Alexander et al. [16] performed extensive far field and surface
pressure measurements of moderately rough walls (h/δ < 0.1 and h+ < 98). Agreement with Glegg and Devenport’s
theoretical predictions was found at low frequencies, below the above mentioned limit, but significant discrepancies
were detected at higher frequencies. Alexander et al. [17] performed further measurements in order to test Glegg and
Devenport’s model, with focus in larger roughness, h/δ ≈ 0.18 and h+ ≈ 100, and a moderate surface density σ ≈ 0.1.
It was done indirectly though, through the drag dipoles induced according to Glegg and Devenport’s diffraction theory.
For the hemispherical roughness, the measurements show reasonable agreement with the predicted drag spectra, for
frequencies up to f h/Uc ≈ 1.2. This value is significantly above the limit of the perturbation diffraction theory,
f h/Uc ≈ 0.16. The authors conclude that diffraction theory, which is based on the assumption that the wall pressure
field is homogeneous and interstitial flows are not relevant, can dominate noise generation up to large roughness sizes.
In parallel, Yang and Wang [19, 20] performed a computational study of the boundary layer flow over a roughness
patch, and determined the generated noise using Lighthill’s acoustic analogy. They used large eddy simulations with a
low order solver for the hydrodynamic near field. They considered hemispherical, cylindrical and cuboidal roughness
elements, of size h/δ ≈ 0.12 and h+ ≈ 170, in a relatively sparse configuration, σ ≈ 0.1. The noise spectra show a
maximum at f h/Uo ≈ 0.1 − 0.15 ( f h/Uc ≈ 0.18 − 0.25), in reasonable agreement with Howe’s theoretical model.
However, clear differences were observed between the various roughness shapes. Cuboidal and cylindrical roughness
induced higher noise levels than hemispherical roughness, especially at higher frequencies. In that range the maximum
unsteady surface pressures occured immediately behind the sharp edges, indicating that sharp edge separation effects
are important. At lower frequencies the dominant wall pressure fluctuations were at the upstream side, for all three
types of roughness elements, indicating interaction with incoming eddies.
A very different theory was developed by Smol’yakov [21]. It was assumed that each roughness element acts
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as an independent, acoustically compact bluff body. Each roughness element emits noise like a bluff body in free
stream, which is approximately tonal at the frequency corresponding to a certain roughness Strouhal number, which
is constant in a large Reynolds number range. The velocity impinging on the individual roughness elements, the
roughness height and the frequency are treated as statistical distributions. An overall proportionality constant and the
roughness Strouhal number are left as empirical constants. The model was tested against measured far field spectra,
using sandpaper roughness of size h/δ < 0.1 and h+ < 160, and predicted well the spectral features. This model does
not consider the noise directivity.
Due to the influence of the effect of roughness on the TBL flow field, it needs to be considered in order to
understand the limitations of the roughness noise models, and to interpret the results. Jimenez [22] concluded, from
the available experimental data, that in general the changes induced by roughness in the TBL are controlled by both
the roughness Reynolds number h+, and the ratio of the roughness height to TBL thickness h/δ. The former controls
the effect of roughness to the inner layer. The latter controls the effect of roughness on the overlap and outer layers.
The roughness sizes of interest here are large in terms of both h+ and h/δ.
Recently there has been a significant amount of experimental evidence in favour of Townsend’s similarity hypoth-
esis [23, 24, 25]. It states that, outside of the roughness sublayer and at high Reynolds numbers, the turbulent flow
field of all rough wall TBLs is ‘similar’ (in rigourous sense), as well as similar to smooth wall TBLs. It is obvious,
however, that for low enough TBL thickness with respect to the roughness height, all the TBL will be affected by the
roughness. Indeed, it was shown by Amir and Castro [26] that Townsend’s hypothesis fails in general for h/δ > 0.15.
In that case the entire TBL (inner, overlap and outer layers) is dependent on the roughness geometry. This is especially
manifested in the upstream rows of elements of a transition smooth-rough, where the TBL shifts upwards to adapt to
roughness. During this transition, the contribution of interstitial flow to the Reynolds stresses must be important, thus
making the turbulent field dependent on the roughness geometry. The extent of the roughness sublayer, where the
flow is inhomogeneous and geometry dependent, is associated with the ‘effective’ roughness height hs. For hs/h ≈ 1
the roughness sublayer depth is of the order of the geometrical roughness height, whereas for hs/h  1 the roughness
sublayer is much thicker [27] and the near wall eddies reach the overlap and outer flow, effectively eliminating the
outer flow similarity. The efficiency of the diffraction mechanism diminishes with the source-roughness distance,
and therefore larger values of hs/h potentially diminish the diffraction mechanism in favour of interstitial flow noise
sources.
All measured and computed single-point pressure spectra on rough walls are significantly inhomogeneous, i.e.
different pressure levels are obtained at different locations with respect to the roughness elements. The single-point
spectra is the integral of the wavenumber-frequency spectrum over all wavenumbers, and a priori no direct conclusion
can be extracted regarding the homogeneity of the turbulent field for different wavenumbers. However, since most
of the contribution comes from the convective peak, the inhomogeneity of the single-point spectrum indicates that
the convective peak turbulent scales are also inhomogeneous. This is in contradiction with the main assumption used
by Howe and Glegg and Devenport, and explains the roughness shape dependence of the generated noise. It must
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be remarked, that if the noise sources induced by interstitial flow are negligible, Townsend’s similarity hypothesis
implies that the (normalised) smooth wall pressure spectrum is also a good approximation in rough walls, regarding
roughness noise.
Another relevant point is the effect of the surface density. Most experimental evidence in favour of Townsend’s
similarity hypothesis considered dense roughness, as opposed to sparse roughness. Liu and Dowling [11, 12] used
dense roughness, σ ≈ 0.4, and obtained good agreement with the experimental trends. Surface density may have an
important role on the effect of interstitial flow regarding noise generation. For example, it has an important effect on
the effective roughness height [28], which in conventional roughness wall theory, is a measure of the roughness length
scale.
The evidence reveals a significant dependence of roughness noise on the roughness shape, in particular with
roughness elements with sharp edges. The dependence hasn’t been accounted for successfully by the proposed rough-
ness noise theories. The success of Howe’s theory in predicting accurately the roughness noise peak levels and peak
frequency of large hemispherical and cylindrical roughness is why it has been considered in the present work. The
model of Smol’yakov has also been used, since it uses a radically different approach to the problem, with opposed
hypothesis regarding the mechanisms governing roughness noise. The limitation of Glegg and Devenport’s model to
low, together with the need of a detailed knowledge of the roughness topology is why it has been discarded for the
present application.
Regarding the TBL on a rough circular cylinder, the fact that it may not be fully developed is also an issue for the
considered bluff body sizes. However, for a cylinder fully covered with roughness, the TBL grows from the upstream
stagnation line, where the outer velocity is low, and there is no transition from smooth to rough. Additionally, the
dominant noise sources are presumed to be in the region with maximum outer flow velocity, close to θ = 90◦, and
the TBLs are more likely to be sufficiently developed there. The effect of pressure gradients together with roughness
are not fully understood either. Cal et al. [29] showed that a favourable pressure gradient changed the mean velocity
and Reynolds stress profiles over a rough wall, in such a way that the known scaling for pressure gradients on smooth
walls doesn’t work for rough walls in the transitional or fully rough regimes. However, in the presence of a favourable
pressure gradient, the outer scaling known to capture the roughness effects (Townsend’s similarity hypothesis) also
works. At the present time, no known scaling is able to capture a favourable pressure gradient on a rough wall.
Despite the models assume a flat wall for simplicity, it is only necessary for the noise generation mechanism to
be valid that the wall is locally flat for distances of the order of the roughness size, i.e. that the local wall curvature
radius is much larger than the roughness size.
2.2. Large scale shedding from rough circular cylinders
Roughness noise is only significant in the medium and high frequency ranges. Bluff body noise is dominated by
vortex shedding, which peaks at low frequencies. Therefore, the effect of roughness at low frequencies will be related
to the changes in vortex shedding characteristics. The effect of surface roughness on the aerodynamics of circular
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cylinders has been studied experimentally in the past. However, no studies have been performed regarding the noise
radiation of cylinders with large roughness at high Reynolds numbers.
Achenbach and Heinecke [30] measured coherent vortex shedding in the supercritical and postcritical regimes
for roughness as large as h/D = 0.03. The measured Strouhal number was S t ≈ 0.22 for the largest roughness.
Achenbach [31] measured the mean drag coefficient of cylinders covered with glued spheres with h/D = 0.017, up
to postcritical Reynolds numbers. The postcritical values of mean drag coefficient obtained were close to 1.2, i.e. the
subcritical regime value. It was also observed the mean drag coefficient kept increasing with increasing roughness
size. The results were interpreted by Guven et al. [32] through the effect that roughness has on the TBLs present
on the upstream face of the cylinder. Due to roughness, the TBL is thicker and has higher momentum deficit, which
causes premature separation. The resulting lower pressure recovery causes the observed higher drag, as well as the
increase of drag coefficient with roughness size.
The presence of coherent vortex shedding requires the separation lines to be straight along the span, i.e. the surface
geometry should allow the TBLs to be straight [33, 34]. If the roughness elements are large enough with respect to
the cylinder diameter the TBLs will potentially not be well developed before separation which will prevent coherent
vortex shedding.
The presence of cable wrapped helicoidally was shown to affect vortex shedding by breaking down the spanwise
coherence. However, the effectiveness in the vortex shedding suppression is dependent on the cable density and
helicoidal angle [33]. Cylinders with circumferential grooves, equivalent to a dense helicoidal cable, appeared to
have the same effect as conventional three-dimensional roughness, and coherent vortex shedding was not prevented
[35]. Noise measurements were performed by Hutcheson and Brooks [36] to study the effects of distributed roughness
and various types of surface protrusions on the vortex shedding noise peak. However they focused on the subcritical
regime (Re = 47 × 104). The helicoidal cable (h/D = 0.25) prevented coherent vortex shedding and eliminated the
vortex shedding spectral peak. In the spectrum appeared a broadband peak centred at a Strouhal number of about 0.7.
When the peak frequency was scaled with the cable diameter a peak Strouhal number close to 0.2 was obtained, which
corresponds to the vortex shedding Strouhal number from an isolated cable. Therefore, they related the peak with the
shedding from the cable.
3. Experimental arrangement
3.1. Facilities
Far field acoustic measurements and on-surface pressure measurements were performed in an anechoic chamber
equipped with an open jet facility at the University of Southampton. The cross-section of the nozzle is rectangular
and has dimensions of 500 mm (height) × 350 mm (width). The maximum speed of the facility is 40 m/s, and the
incoming turbulence level is 0.2% outside of the shear layers [37]. The circular cylinder was mounted between two
endplates fixed to the nozzle, and the flat plate was fixed vertically in the centre of the nozzle outlet section (Fig. 2a
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and b). The aspect ratio of the cylinder was 2.8 and the blockage was 25%. Four inflow velocities were used in each
configuration, in order to have enough data to determine the velocity scaling of far field noise. The Reynolds numbers
were 1.6 × 105 (20 m/s), 2.2 × 105 (27 m/s), 2.7 × 105 (34 m/s), and 3.2 × 105 (40 m/s).
Phased microphone array, PIV and Pitot tube measurements were conducted in a low speed wind tunnel. The
tunnel is of open-loop, closed-section configuration, with a rectangular test section of dimensions 600 mm (height)
× 900 mm (width), and without acoustic treatment. The maximum speed is 27 m/s (measured at the test section
entrance). The incoming turbulence intensity is approximately 0.2% [38]. The flat plate was mounted horizontally,
and had a span equal to the test section width. It was supported by two streamlined struts and fixed at a height of 10
cm from the wind tunnel floor, outside of the influence of the boundary layer growing along the test section (at the
higher speed, the boundary layer thickness was measured to be about 1.8 cm at the centre of the empty test section).
The plate was equipped with a trailing edge flap and static pressure taps to ensure a zero-pressure-gradient. The
cylinder was fixed between two horizontal endplates with a span equal to the test section. The top endplate was fixed
to the tunnel side walls using L-brackets, and the botton endplate was mounted on two ‘C’ struts. Both endplates were
fixed at a distance of 5 cm from the walls, outside of the boundary layers. The cylinder aspect ratio was 3.9 and the
total blockage ratio (blockage from cylinder, endplates and supporting struts) was 15%. The free stream velocity was
limited to 27 m/s (Re = 2.2×105) in the case of the on-surface microphone measurements and the phased microphone
array measurements, and to 24 m/s (Re = 1.9 × 105) in the case of the PIV measurements.
(a) (b)
Figure 2. Experimental setup in the acoustic measurements:(a) flat plate, (b) circular cylinder.
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3.2. Instrumentation
The sound in the far field was measured using a set of free-field microphones fixed to a metallic arc (Table 1). The
microphones were Behringer ECM8000, omni-directional electret condenser microphones, with a frequency range
of 15 Hz - 20 kHz. The signals were amplified using a DIGIMAX FS by Presonus, and acquired using National
Instruments PXI-4472 data acquisition cards. The calibration of the microphones was performed by comparison with
a 1/2” B&K standard microphone, using a white noise signal and taking the average value of the plateau present in
the ratio of both spectra.
The power spectral density (PSD) of the pressure signals was calculated using an averaged periodogram, with a
sampling frequency of 48 kHz, 8192 samples per block, and 120 blocks. The frequency resolution is therefore 5.9
Hz. No windowing was applied in the calculation of the FFTs. The spectra were plotted as SPL in narrow bands or in
1/3-octave bands. The overall levels (OASPL) were obtained integrating the PSD within the desired frequency range.
The velocity scaling was estimated in two ways. First, the OASPL level at each free stream velocity was calcu-
lated from the PSD narrowband spectra, by integration in the frequency band of interest, and the scaling exponents
associated with every pair of free stream velocities were determined using Eq. (1). Second, the 1/3-octave band
spectra were normalised with various powers of the free stream velocity and the collapse between them was analysed
in the desired frequency ranges. Care has been taken to separate the various ranges, to avoid effects from the lower
frequency bands, which have higher levels. The frequency bands considered in the flat wall case are low frequencies
(70 Hz< f < 200 Hz), the roughness noise peak (500 Hz< f < 4000 Hz), and frequencies higher than the roughness
noise peak (6000 Hz< f ). In the circular cylinder case, frequency bands corresponding to the vortex shedding peak
(45 Hz< f < 130 Hz for the smooth and cable configurations, and 25 Hz< f < 90 Hz for the distributed roughness
configurations), the fall-off range (140 Hz< f < 1000 Hz), the roughness noise peak (1000 Hz< f < 6000 Hz) and
frequencies higher than the roughness noise peak (7000 Hz< f < 18000 Hz). For the distributed roughness configu-
rations, the minimum and maximum free stream velocities used to compute the velocity exponents were 20 m/s and
40 m/s, respectively. Due to the low signal-to-noise ratio for the smooth and cable configurations at Uo = 20 m/s,
the minimum free stream velocity used in these configurations was 27 m/s. From long term repeatability tests, the
sample error of the overall noise levels was estimated in the low, medium and high frequency ranges, by adding the
uncertainties at the two velocities. The sample error is higher than the transducer error, and therefore has been taken
as the overall uncertainty. The estimated uncertainties of the scaling exponents, obtained from the linearisation of Eq.





The free stream velocity was determined using a Pitot tube and a micromanometer, with an uncertainty of 0.05
mmH2O (0.50 N/m2) in the dynamic pressure. The dynamic pressure is equal to 1/2ρU2o , and the uncertainty in the
free stream velocity is 0.09 m/s, at typical ambient pressure and temperature.
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The measurements were corrected for shear layer refraction and convective amplification. The shear layer correc-
tion was done using Amiet’s method [39] and assuming a zero-thickness shear layer. The method provides both the
corrected pressure values and the corrected observer angles for the case in which there is no shear layer, i.e. in-flight
conditions. Afterwards the convective amplification correction was applied. Since the maximum Mach number in the
tests was low (M = 0.12), the corrections are small.
Circular cylinder r(m) θ(◦) Flat plate r(m) θ(◦)
M1 1.69 86 M1 1.47 131
M2 2.13 67 M2 1.27 121
M3 1.66 45 M3 1.00 90
M4 1.85 39 M4 1.36 70
M5 2.22 28 M5 1.40 62
M6 1.71 48
M7 2.54 35
Table 1. Location of the far field microphones (microphone arc located in the cylinder and flat plate midspan plane).
Circular cylinder θ(◦) z/D Flat plate x1 (mm)
M1 20 2.0 M1 22 (≈ 5h)








Table 2. Location of the on-surface microphones flush mounted to the circular cylinder (z measured from one of the endplates) and the flat plate
(x1 measured from the upstream edge of the roughness patch, and all microphones located at the plate midspan).
On-surface pressure signals were measured using ECM-10B, electret condenser microphones flush mounted to
the underlying wall, between the roughness elements (distributed elements or cable). The microphones have an
approximately omni-directional response and a frequency range of 50 Hz - 13 kHz. Their sensitivity is -60± 3 dB
and their dimensions are 6 mm in diameter and 5.2 mm in thickness. The signals were amplified using an in-house
built amplifier with adjustable gain, and acquired with National Instruments PXI-4472 data acquisition cards. The
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sampling rate was 48 kHz, and the spectra were averaged over 120 blocks of 8192 samples. A low-pass filter with
cut-off at 18 kHz was applied, which, for eddies in the convective peak of the wavenumber spectrum, limits the
maximum lengthscale inducing aliasing to 0.5mm (λ ≈ Uc/ f ≈ 0.5 mm). Regarding the attenuation due to transducer
size, for pressure fluctuations associated with eddies of similar and smaller size than 6 mm (transducer diameter) the
measurements are under-resolved. For eddies in the convective peak, the pressure fluctuations for frequencies of the
order and higher than f = Uc/λ ≈ 2000 Hz (S t ≈ 13 at Uo = 20 m/s) are attenuated. Despite the high-frequency
attenuation, the authors still believe that relevant information can be extracted from the rough cylinder data in Fig. 16e,
with a certain degree of confidence. Even for S t > 13, the spectra are approximately Strouhal-based (the two sets of
spectra shown correspond to Uo = 20, 40 m/s), whereas the attenuation due to under-resolution should be frequency-
dependent, not Strouhal-dependent. It must be emphasized that, on the underlying wall, where the microphones are
located, the turbulent stresses are significantly weaker than in the region immediately above the tops of the roughness
elements. This was observed experimentally in TBLs over dense urban-type roughness [47]. Therefore, the spectrum
measured by a microphone flush mounted on the underlying wall doesnt correspond to the wall-pressure spectrum
associated with the convective peak of the TBL, but to the ‘canopy flow, characterised by low mean velocity and
lower Reynolds stresses.
In the low speed tunnel a phased microphone array was employed, composed of 49 Panasonic WM-61 A electret
microphones with a frequency range of 15 Hz - 20 kHz. The array aperture was 0.6 m. The microphones were
located at the intersections of a multi-arm logarithmic spiral with a set of concentric circles, so that the vector distance
between any two microphones was not repeated, and the adverse effects of spatial aliasing didn’t add up. The array
was flush mounted on the side wall. The distance from the cylinder to the array was 0.4 m, and the frequencies at
which the source maps were obtained were 1.9 kHz and 3 kHz. The resolution of the array was about 80% of the
acoustic wavelength for a point source at a distance of 0.4 m, which corresponds to 0.14 m and 0.10 m at the two
considered frequencies. The code used a conventional frequency-domain beamforming algorithm. The details can be
found in Fenech [40]. To eliminate the negative effect caused by the boundary layer above the side wall of the wind
tunnel, the array was recessed about 10 mm behind a stretched light fabric, and the algorithm included the removal
of the leading diagonal of the cross-spectral matrix. Also, the background noise cross-spectral matrix was subtracted
(obtained with the cylinder removed, and keeping the endplates mounted). The acoustic signals were acquired at a
sampling rate of 48 kHz. For each experimental run, the signal consisted of 100 blocks with 4096 samples in each
block, which corresponds to a frequency resolution of 11.7 Hz.
A PIV system (Quantel Twins BSL 200) was used in the low speed wind tunnel. The pulse gap between image
pairs was set at 18 µs. The data was processed using a recursive Nyquist grid method, from 64 to 32 pixel spot
dimensions. A total of 500 to 700 image pairs were averaged to obtain the mean and root-mean-square (RMS)
velocity fields.
The measurements in the anechoic chamber were divided in two experimental campaigns, with an intermission
of 6 months. Long term repeatability tests of the smooth cylinder far field measurements show that the difference in
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level of the 1/3-octave band spectra is smaller than approximately 1.2 dB at the higher speed and for all microphones,
in the frequency range of interest (0.18 < S t < 50). In the case of the flat plate, long term repeatability tests showed
a difference in level smaller than 0.9 dB at the higher speed, in the frequency range of interest (800 Hz < f < 20000
Hz).
To check the repeatability between the low speed wind tunnel and the anechoic facility, on-surface microphone
spectra were compared at Uo = 27 m/s. The microphones were placed at θ = 40o and θ = 60o for the open-jet wind
tunnel and the closed-section wind tunnel, respectively. The vortex shedding peak frequencies are close in both wind
tunnels, and the spectra match within 2 dB in all the frequency range. Since the microphones are not located in the
same position, exact matching is not expected. The short term repeatability tests were used to determine the random
error in the phased microphone array measurements. The difference in the maximum source strength levels between
two consecutive measurements of the smooth cylinder at Uo = 27 m/s, and at a frequency of 1.9 kHz, was 0.6 dB. The
maximum source levels have been considered because they correspond to the noise sources generated directly by the
cylinder.
The background noise levels corresponding to the empty test section configuration (with endplates) were mea-
sured as well, and compared with the smooth cylinder noise levels. In the case of the cylinder the signal-to-noise ratio
of the smooth case was too low at the lowest speed, so this case was discarded to calculate the velocity scaling. In
the case of the flat plate, the smooth configuration radiated slightly higher noise levels than the background. How-
ever, the difference in level between the rough and the smooth plates was high enough for all speeds and roughness
configurations.
3.3. Roughness configurations
The baseline configurations are a smooth circular cylinder and a smooth flat plate. Two transition strips at
θ′ = ±50◦ measured from the upstream stagnation line were attached on the circular cylinder, which consisted of
carborundum particles of average size 2.7 × 10−4 m (Grit 60) glued to a double-sided adhesive tape of 15 mm in
width. The goal of the strips was to obtain turbulent separation, and therefore supercritical flow. A roughness strip
was also attached to the flat plate in both the anechoic and the low speed wind tunnel tests. It was located immediately
downstream of the leading edge, causing the TBL to be fully developed upstream of the rough surface. In the case of
the circular cylinder oil flow visualisation tests were performed to validate the effect of the roughness strips. With the
roughness strips attached, straight separation lines at θ′ > 90◦ were observed. Without the strips, separation was not
uniform along the span.
The distributed roughness configurations consist of densely packed hemispheres and circular cylinders (Fig. 3)
with heights h/D = 0.031 and 0.035, corresponding to surface densities of 0.42 and 0.53. They covered all the span
of both the flat plate and the circular cylinder. In the flat plate configuration two different distances from the leading
edge to the first row of roughness elements were considered: 320 mm and 145 mm. In the first case the TBL thickness
exceeds the roughness height over the entire rough surface, as the prediction models assume. In the second case the
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TBL thickness immediately upstream of the rough surface is smaller than the roughness height, potentially causing
significant interstitial flow noise sources not accounted for in the model. Finally a set of configurations with cable
attached helicoidally to the cylinder were tested. The cable diameters were 4 mm and 6 mm, and for each of them
three helicoidal angles ζ was tested: 79◦, 85◦ and 88◦ (Fig. 4 and Table 3). The objective was to study the effect of a
different roughness configuration than the distributed roughness.
Figure 3. Distributed roughness configurations: Spheres4mm and Cylinders4mm.
(a) Spheres4.5mm (b) CablePerp6, CablePerp15, CablePerp40
Figure 4. Rough circular cylinders: (a) Spheres4.5mm, (b) CablePerp6, CablePerp15 and CablePerp40.
4. Results and Discussion
4.1. Flat plate
Fig. 5 shows the measured and predicted trends of the TBL thickness growth for the smooth and rough surfaces.
The -1/7th power law has been used for the smooth wall friction coefficient, and the ‘law of the wall’ extended with
an outer layer function has been used for the mean velocity profile. For the friction coefficient of the rough walls, the
logarithmic law proposed by Mills and Hang [41] has been used, and for the mean velocity profile the logarithmic law
proposed by Krogstad et al. [42] has been used. It is observed that the thickness is underpredicted in the upstream
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CONFIGURATON h/D σ ζ(◦)
Smooth 0 - -
SmoothNotTripped 0 - -
Spheres4mm 0.031 0.42 -
Spheres4.5mm 0.035 0.53 -
Cylinders4mm 0.031 0.42 -
Cylinders4.5mm 0.035 0.53 -
CablePerp6 0.047 0.08 79
CablePerp15 0.047 0.19 85
CablePerp40 0.047 0.50 88
Table 3. Roughness configurations.
region of the rough surface, where the transition between the smooth surface to rough surface happens. The predictions
are improved at downstream locations for both the hemispherical and the cylindrical roughness.


















Figure 5. TBL thickness measurements in the closed section wind tunnel (symbols), and TBL thickness evolution predictions (solid lines).
For frequencies lower than 60 Hz background noise is dominant. For frequencies lower than approximately 800
Hz all spectra collapse with the smooth wall data. In the range 70 < f < 200 Hz noise scales well with U7o (Fig. 6).
The calculated velocity scalings of all configurations in the relevant spectral regions are presented in Table 4. From
the table, the calculated velocity exponent in this low frequency range is approximately 7.5.
The measured and predicted far field noise spectra, at two observation angles and two flow speeds are shown
in Fig. 7. A broadband peak is observed at all observation angles for the hemispherical elements, which scales
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well with U6o (Table 4), in agreement with the theoretical models. The peaks collapse on a Strouhal number basis
at f h/Uo ≈ 0.18, as predicted by Howe’s model (Fig. 7). The model predicts the peak to be at f h/uτ ≈ 3, which
is equivalent to the above relation since in typical rough wall TBLs, the friction velocity lays approximately in the
range 0.05 < uτ/Uo < 0.07 [9]. The two empirical constants of Smol’yakov’s model [21] have been fixed to best fit
the measurements at θ = 121◦, giving a good match with the experimental trends for this case (KR = 6.36 × 10−19,
and S tr = 0.32, i.e. f h/Uo ≈ 0.16). The value of S tr = 0.61 determined by Smol’yakov causes the peak frequency
to be too large (approximately 1.8 times larger than the measurements). However, at different observation angles,
Smol’yakov’s model doesn’t predict the levels well. This shows that the lack of directivity information of the model
is a serious drawback for its use in practical applications.
In the case of cylindrical roughness, patterns are significantly different. Roughness noise peak levels are appre-
ciably lower than those of hemispherical roughness, especially for downstream observers. The spectral levels deviate
from hemispherical roughness before the maximum peak is reached. The fact that at θ = 121◦ the peak is close to the
hemispherical roughness case up to higher frequencies suggests that the noise generation mechanism is only partially
affected. As seen in Table 4, the described peak scales approximately with U6o for Cylinders4mm, but closer to U
5
o
for Cylinders4.5mm. This difference is possibly due to the even lower peak values of Cylinders4.5mm with respect to
Cylinders4mm, but experimental error cannot be discarded.
At higher frequencies, cylindrical roughness configurations have significantly higher levels than hemispherical
roughness, and in upstream observers the spectra reveal a peak centred at about 11 kHz. It is not Strouhal-based,
but only weakly shifted to higher frequencies with increasing outer velocity, and it has been determined to scale
approximately with U7.5o (Fig. 6c and Table 4). This peak doesn’t appear in the measured spectra of hemispherical
roughness, and is not accounted by Howe’s theoretical model. It implies a dependency of the generated noise to the
roughness shape, and is thought to be caused by noise sources induced by interstitial flow, in particular sharp edge
separation. Another possibility is that the noise sources are not significantly different, and the theoretical model fails
because of the inaccuracy of the tailored Green’s function, which is strictly valid only for hemispherical roughness.
However, at those frequencies the roughness elements are still acoustically compact, and it is unlikely that the observed
level differences are caused by the inaccuracy of the Green’s function. In particular, the source scattering on a right-
angled edge [43] would be accounted by the correct tailored Green’s function. However, it implies a scaling with U5.3o ,
far from the present value of U7.5o . Furthermore, this result doesn’t strictly apply at the frequencies of interest, since
roughness elements are acoustically compact (the former scaling applies strictly in the case that the right-angled edge
is infinitely large compared with the sound wavelength). Yang and Wang [19, 20] performed large eddy simulations of
a TBL flow over a roughness patch of hemispherical, cylindrical and cuboidal elements with h/δ ≈ 0.1 and σ = 0.1,
and their results showed a monotonous increase of noise from f h/Uo ≈ 0.15 for both the cylinders and cuboids, with
respect to the hemispheres case. They observed that the surface pressure field was dominated by the flow structures
in the vicinity of the front edges due to sharp edge separation. Also the pressure fluctuations were strongest in the
leading row of roughness elements, and diminished downstream. The peak is not detected in the reported simulation
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effort. Possible explanations for the observed peak in the present experiments are: a) it is due to interaction effects
between neighbouring roughness elements, since the present roughness is more densely packed than the ones in the
simulations (σ = 0.42 and σ = 0.1, respectively.), b) the difference is related to the difference in roughness height to
TBL thickness ratio (h/δ > 0.4 in the present experiments and h/δ = 0.12 in the simulations), and c) the simulations
did not resolve the flow structures responsible for the measured noise (the peak frequency is around 11 kHz, which
is close to the maximum reported frequency). Despite the differences found between the present experiments and
the simulations, it is reasonable to suspect that the peak measured in the present experiments with the sharp edge
separation phenomenon was the same as that observed in the simulations.









































Figure 6. Noise spectra of rough flat plates normalised with U5o (solid), U
6
o (dashed) and U
7
o (dash-dotted), for Uo = 20, 27, 34, 40 m/s, measured
at M1; (a) Smooth, (b) Spheres4mm and (c) Cylinders4mm.
CONFIGURATION 70 Hz< f < 200 Hz f ≈ frn f  frn
Smooth 7.5 5.3 6.8
Spheres4mm 7.6 5.8 6.9
Spheres4.5mm 7.5 5.8 6.2
Cylinders4mm 7.5 5.8 7.7
Cylinders4.5mm 7.5 5.2 7.2
Table 4. Velocity scaling exponents for all flat wall configurations, determined from the signals measured at M1 and M6. frn is the roughness noise
peak frequency.
The ∆SPL1/3 plots obtained by subtracting the smooth wall noise levels from the rough wall levels are shown in
Fig. 8. Roughness noise is more pronounced in the upstream and downstream directions, as was described by Liu
and Dowling. The sharp-edge noise peak is most pronounced in the upstream direction and its level diminishes in the
downstream direction.
The measured noise directivity patterns are shown in Fig. 9. The two plots correspond to overall sound pressure
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Figure 8. ∆SPL spectra of the flat plate roughness noise: (a) M2, (b) M6.
levels obtained by integration of PSD( f ) between 1 kHz and 3 kHz (range dominated by the roughness noise peak
described by Howe’s theoretical model) and between 3 kHz and 18 kHz. The directivity of the roughness noise peak
described by the theoretical model (Fig. 9a) shows a minimum at θ ≈ 90◦ for both hemispherical and cylindrical
roughness, as is predicted by the model. The directivity pattern of Cylinders4mm is similar to Spheres4mm, but the
levels are somewhat lower. In the high frequency range (Fig. 9b), cylindrical roughness shows higher noise levels at
upstream observers, while Spheres4mm and Smooth also show increased levels at upstream observers, but to a much
lesser extent. Furthermore, the level difference between Spheres4mm and Smooth is less than 5 dB in all observation
angles.
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Figure 9. Measured directivity patterns for the flat plate, obtained at Uo = 40 m/s; (a) OASPL between 1 - 3 kHz, (b) OASPL between 3 - 18 kHz.
Roughness noise models assume a fully developed rough wall TBL, which covers completely the roughness ele-
ments and interstitial flow is not relevant regarding noise generation. Roughness noise generation is higher for lower
TBL thickness, which is predicted by Howe’s model. However, if the TBL is thin in the leading rows of roughness
elements, there is a transition smooth-rough where the TBL adapts to roughness. In this region interstitial flow must
be important regarding the turbulent stresses, and its relevance in the noise generation will be briefly assessed. For
a given roughness geometry, the parameter that determines the strength of interstitial flow is the roughness height
to TBL thickness ratio in the leading row of elements, h/δ. In the previous configurations it was h/δ ≈ 0.5, i.e.
roughness elements are completely covered by the TBL. A configuration corresponding to a larger value of h/δ in
the leading row of elements was tested to assess the effect of interstitial flow and the possible miss-prediction of the
roughness noise model. In the additional configuration the distance from the leading edge of the plate to the leading
row of roughness elements was reduced by half, resulting in a TBL thickness to roughness height ratio h/δ ≈ 1. Far
field noise measurements of both configurations are shown in Fig. 10, together with Howe’s model predictions. The
difference in measured peak level is about 1.4 dB for both hemispherical and cylindrical roughness, whereas the model
predicts a level increase of only 0.7 dB. However, the spectral pattern is the same for both configurations and for both
roughness shapes; there appear no additional features due to interstitial flow, which should be different than the model
predictions. In any case, far field noise dependence on h/δ due to interstitial effects in the leading rows of elements is
weak. This is true for both hemispherical and cylindrical elements.
Fig. 11 shows the results corresponding to the on-surface microphones flush mounted to the wall, beneath the
TBL. Due to location of the microphones, the measured signals don’t correspond to the conventional wall pressure
spectrum as measured on a smooth wall. That region is called the ‘canopy’ layer, and is characterised by lower mean
velocities and Reynolds stresses than above the roughness elements tops [47]. Therefore, the measured spectra cannot
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Figure 10. 1/3-octave band noise spectra of flat plate configurations for Uo = 40 m/s, and measured at M6; (a) Upstream elements fully covered by
the boundary layer, (b) Effect of h/δ at the upstream row of roughness elements.
be compared with, for example, the model of Ahn [45]. It must also be remarked that, due to the relatively large size
of the transducer, it is likely that the signal is attenuated for frequencies larger than about 2000 kHz (S t ≈ 13) and
the absolute values cannot be trusted. Only the qualitative differences between the various roughness shapes and sizes
are considered. The ratios between the far field noise spectrum and the on-surface pressure spectrum for free stream
velocities of 20 m/s and 27 m/s are shown in Fig. 11a.
For frequencies lower than the peak frequency, the spectra corresponding to hemispherical and cylindrical rough-
ness have different slopes. In both cases the slope of the power spectral density is higher than f 2, which was observed
in the measurements of Alexander et al. [16] for lower roughness sizes. However, for larger roughness a slope lower
than f 2 has been observed [17], which suggests the higher slope is caused by under-resolution. However, it can also
be explained by the location of the microphones, together with the dense roughness arrangement. In this case the
pressure fluctuations associated to the convective peak may find it harder to penetrate the densely populated ’canopy’
layer, and lower turbulent pressure fluctuations are measured by the underlying microphones. To settle this issue, it is
necessary to perform detailed measurements (or numerical simulations, if feasible) of the pressure field through the
roughness sublayer, and its dependence on the roughness distribution and shape. The spectra at the two different free
stream velocities collapse well through all the frequency range, which was not expected, in both hemispherical and
cylindrical roughness. Fig. 11b,c show the bare on-surface pressure spectra measured at M1 and M2. M1 is close to
the upstream row of roughness elements, in a region where the flow is still transitioning to the rough regime. M2 is
located further downstream. It can be observed in both plots that the spectral features and levels are similar, especially
the ones corresponding to Spheres4mm, which indicates that transition happens relatively fast for both roughness
types.
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In agreement with Glegg and Devenport’s theoretical model [13] the levels depend on the outer velocity as well as on
the roughness shape and distribution. They showed that at low frequencies the ratio is proportional to f 2, which was
confirmed by Devenport et al. [15] and Alexander et al. [16] for sandpaper and randomly distributed hemispherical
roughness.
Figure 11. (a) Ratio of far field noise spectrum measured by M6 to on-surface pressure spectrum measured by M1 at Uo = 20 m/s (blue) and
Uo = 27 m/s (black), (b) on-surface pressure spectrum of Spheres4mm measured by M1 (solid line) and M2 (dashed line) at Uo = 27 m/s, (c)




The far field noise spectra shown in Fig. 12a,c reveal a broadband peak in the distributed roughness configurations,
which is especially prominent for hemispherical roughness, similarly to the flat plate cases. In the range dominated by
this broadband peak, the noise intensity scales well with U6o (Fig. 13 and Table 5). It peaks at higher frequencies than
the flat plate configuration, but it is Strouhal-based with a peak Strouhal number S t ≈ 10. However, for the circular
cylinder there isn’t a unique outer velocity; the outer velocity changes along the TBL. In the flat wall configuration
the roughness noise peak is located at f h/Uo ≈ 0.18. If the frequency is normalised with the maximum outer velocity
around the cylinder (Umax ≈ 1.7Uo based on PIV measurements), instead of the free stream velocity, and with the
roughness height instead of the cylinder diameter, the peak Strouhal number is f h/Umax ≈ 0.19, which is close to the
value obtained for a rough flat wall. This indicates that the broadband peak corresponds to roughness noise, and that
the flat wall roughness noise model provides a good approximation of the peak frequency. As could be expected, the
region of maximum outer velocity dominates roughness noise generation. The spectra of cylindrical roughness are also
shown. As in the flat wall case, they have lower peak levels than hemispherical roughness, especially Cylinders4.5mm.
The peak scales well with U6o for all the distributed roughness configurations (Table 5).
A set of phased microphone array measurements were performed for the distributed roughness configurations on
the circular cylinder (see Figs. 14 and 15), to obtain information regarding the location of the noise sources. Fig. 14
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Figure 12. Far field noise spectra of circular cylinders with distributed roughness, at Re = 3.2 × 105 and measured at M3; (a) SPL1/3, (b) ∆SPL1/3
in the low and medium frequency range, (c) ∆SPL1/3 in the high frequency range.







































Figure 13. Velocity scaling of cylinders with distributed roughness. Scaling with U5o (solid), U
6
o (dashed) and U
7
o (dash-dotted), for Uo =
20, 27, 34, 40 m/s, measured at M3; (a) Smooth, (b) Spheres4mm, (c) Cylinders4mm.
shows the source strength maps at f = 1.9 kHz. It is seen from the far field spectra that at this frequency roughness
noise starts to dominate. The resolution of the array at this frequency is 0.14 m, which is higher than the cylinder
diameter. The rough cylinders emit higher noise levels at this frequency. Despite the limited resolution, it can be
observed that the sources are located on the cylinder surface. The slightly higher levels from the downstream face
can be explained by the contribution from sources in the shear layers. Spheres4mm and Cylinders4mm have similar
source strength maps, as was expected from the similar far field spectral level. In Fig. 15 the maps at f = 3 kHz are
presented. As in the previous case, noise levels of the rough cylinders are above the smooth case. At this frequency
the array resolution is 0.1 m, and it can be appreciated that the dominant sources are located mainly on the upstream
face and the sides of the cylinder. The hemispherical roughness configuration radiates higher noise levels than the
cylindrical roughness at this frequency, in agreement with the far field spectra. It can also be observed that the highest
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CONFIGURATION f ≈ fvs fvs  f  frn f ≈ frn f  frn
Endplates 3.2 4.1 5.5 5.1
Smooth 5.6 6.3 6.7 6.7
SmoothNotTripped 6.1 6.3 6.1 6.9
Spheres4mm 5.6 6.8 6.1 7.4
Spheres4.5mm 5.5 7.0 6.1 6.9
Cylinders4mm 5.4 6.9 5.8 6.5
Cylinders4.5mm 5.5 7.2 5.8 6.2
CablePerp6 5.4 6.8 7.0 5.9
CablePerp15 5.5 5.8 6.7 5.7
CablePerp40 6.1 6.5 7.1 5.6
Table 5. Inflow velocity scaling exponents for all configurations, determined from the signals measured at θ = 45◦. fvs and frn are the vortex
shedding peak frequency and the roughness noise peak frequency, respectively.
contribution comes from the spanwise extents of the cylinder, due to the interaction of the TBLs growing on the
endplates with the rough surface in the cylinder extents.
Despite the agreement between the roughness noise peak frequency predicted by flat wall theory and the measure-
ments for the circular cylinder, the predicted absolute noise levels cannot be determined without a full extension of the
flat wall theory to the circular cylinder. This involves accounting for the scattering of roughness noise on the circular
cylinder, and is left for future work. A simple, but not rigorous, account of the scattering on the circular cylinder was
addressed by Alomar et al. [44].
(a) (b) (c)
Figure 14. Source strength maps at f = 1.9 kHz (flow from left to right); (a) Smooth, (b) Spheres4mm, (c) Cylinders4mm.
For frequencies higher than the peak described above, cylindrical roughness has higher spectral levels than hemi-
spherical roughness, with the exception of Spheres4mm at θ = 46◦, which has similar levels as the cylindrical con-
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(a) (b) (c)
Figure 15. Source strength maps at f = 3 kHz (flow from left to right); (a) Smooth, (b) Spheres4mm, (c) Cylinders4mm.
figurations. As in the flat plate case, this difference may be due to sharp edge separation. However, the increase in
this case is much smaller than what is observed for the flat plate case. The sharp edge noise in the flat plate case
mainly happens when the incoming thin smooth wall TBL impinges on the first rows of roughness elements, as was
shown by Yang and Wang [19, 20]. In the circular cylinder this doesn’t occur because in the region of higher outer
velocity the TBL has already adapted to the rough surface, and is thicker. Furthermore, in the flat plate case the peak
scales approximately with U7o , while in the circular cylinder it scales with U
6
o . This implies that the noise generation
mechanisms are different in both cases.
Fig. 16 shows the on-surface pressure spectra of the distributed roughness configurations. In this section the
medium and high frequency ranges are discussed. The low frequency range is dominated by the vortex shedding
peak(s). At θ = 20◦ (M1) the spectral levels of the rough cylinders are of the order of 15 - 20 dB higher than Smooth,
in the frequency range 1 < S t < 25. This shows the wake of the rough cylinders have significantly higher turbulence
intensity. Hemispherical and cylindrical roughness have close levels up to S t = 25. A broadband peak is observed,
centred at S t ≈ 15, higher than the roughness noise peak, and unlike the latter, hemispherical and cylindrical roughness
have close peak levels. The spectra of the microphone at θ = 60◦ (M2) shows differences with respect to the previous
one. Smooth has a broadband hump centred at S t = 2, which is due to the proximity of the separation region and shear
layer. The hump is present also for the rough cylinders, but is relatively weaker. Roughly, comparing Figs. 16b and d,
the main difference between them is due to the broadband peak of Smooth. Early separation due to roughness causes
the microphone at θ = 60◦ to be more distant to the separation region and the shear layer, and therefore the hump
has lower levels. In Figs. 16c and d, slightly higher levels for the hemispherical roughness than for the cylindrical
roughness are observed, similarly to the roughness noise peak.
The microphone at θ = 120◦ (M3) is located within the upstream attached flow, and the spectra are shown in
Fig. 16e. The two sets of curves correspond to Reynolds numbers of 1.6 × 105 (lower levels) and 3.2 × 105 (higher
levels), respectively. The spectra show significant differences between the various roughness configurations. The
peak Strouhal number of hemispherical roughness is larger than cylindrical roughness and their spectral levels are
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significantly higher in the range S t > 8. The peak Strouhal number of the far field noise spectrum is centred at 10 for
both roughness shapes and sizes, whereas the peak Strouhal numbers of the on-surface spectra are somewhat lower,
especially for the cylindrical roughness. For both hemispherical and cylindrical roughness, higher levels are observed
for smaller roughness size. Since cylindrical roughness generates Reynolds stresses of magnitude equal or higher
than hemispherical roughness, as observed from the RMS x-velocity fields obtained with PIV (Fig. 17b), the lower
spectral levels of cylindrical roughness suggests that the Reynolds stresses peak is shifted upwards. This would cause
a decrease of roughness noise generation efficiency, since the scattering mechanism becomes weaker with increasing
distance between the (dominant) turbulent sources to the roughness elements. Roughness blockage (frontal area of
roughness elements per unit total frontal area) cannot account for this effect, since Spheres4.5mm and Cylinders4mm
have close values of blockage (difference is 1%). The solidity (projected frontal roughness area per unit wall parallel
area) is also the same for hemispherical and cylindrical roughness. The mean roughness height, defined not by the
mean height of the roughness element tops, but by the full integral of the rough surface, is 20% higher for cylindrical
roughness than hemispherical roughness. The mean roughness height, normalised with the appropriate lengthscale,
could be an appropriate parameter to describe the outward shift of the turbulent stresses. Finally, it should be noted
that, since the TBL is potentially not fully developed prior to separation, results from fully developed rough wall TBLs
may be inappropriate in this case.
Fig. 16f shows the ratio of the far field spectrum to the on-surface spectrum, for the microphone immersed in
the attached flow (M3). As opposed to the flat wall case, the ratio depends on the outer velocity as well as on the
roughness shape. Since the low frequency range is dominated by the shedding spectral fall-off it is not possible to
check the proportionality with f 2. At higher frequencies, the slope of all the curves is in the range f 1.5−2.5, higher than
the values measured for the rough flat wall. The differences between the various shapes and sizes is higher than for
the flat wall.
The mean x-velocity fields obtained using PIV (Fig. 17a) reveal that distributed roughness induces thicker shear
layers and a wider wake immediately after separation. The RMS x-velocity fields of the streamwise stresses (Fig. 17b)
show remarkably higher levels of turbulent fluctuations in the shear layers and the near wake of the rough cylinders.
The noise spectra of the cable configurations are shown in Fig. 18. At all Reynolds numbers and for all surface
cable densities, the far field noise spectra collapse between them and with Smooth in the range 1.5 < S t < 30, within
±1 dB. The pattern of SmoothNotTripped in that range is similar, but shifted 2 dB downwards. This shows that, even
for surface cable density as high as σ = 0.5, approximately streamwise cables don’t affect noise generation, either by
roughness noise or by a change of the fall-off spectral levels. The far field noise spectra scaled with various powers
of the free stream velocity are shown in Fig. 19. In the high frequency range, the best collapse between the spectra of
Smooth at the various free stream velocities is found when scaled with U7o (Fig. 19a), and the same is observed for the
cable configurations (Figs. 19c,d). The spectrum of SmoothNotTripped shows a better collapse when scaled with U6o ,
which would imply a different noise generation mechanism due to turbulent transition prior to separation. It is known
that for a fully developed zero-pressure-gradient TBL over a flat wall with streamwise riblets, the diagonal Reynolds
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stresses (in wall units) normal to the riblets, and parallel to the wall, are only slightly higher than for a smooth wall,
and the streamwise Reynolds stresses are lower (riblets induce a decrease of the skin friction compared to a smooth
wall) [46, 48]. Therefore, even if the cable, which is approximately equivalent to the riblets, causes transition before
separation, the generation of roughness noise due to interaction of turbulent stresses with the cable, is weak. The
presence of a favourable pressure gradient is thought not to change this picture significantly.
At lower frequencies, the far field spectra have a broadband peak. It is located around S t ≈ 0.7, although, due
to its weakness relative to the background levels, it is not clear whether it is Strouhal-based or not. The peak level is
higher for lower cable densities, and it seems to scale approximately with U6o (Figs. 19c and d). The far field noise
measurements of Hutcheson and Brooks [36] on cylinders with large cable wrapped helicoidally showed a broadband
peak at S t ≈ 0.7, as in this case, but the velocity and frequency scalings weren’t reported. Their cable diameter was
h/D = 0.25, i.e. much larger than the size used here. Hutcheson and Brooks observed that, when the peak frequency
was scaled with the cable diameter and the incoming velocity, a Strouhal number S t ≈ 0.2 was obtained, typical of a
vortex shedding mechanism. However, it is known that the presence of the wall prevents vortex shedding [49]. The
present results are insufficient to clarify the origin of this peak, and further investigation is required.
Fig. 20 shows the on-surface pressure spectra of the smooth cylinders and the cylinders with helicoidal cable. The
spectra of Spheres4mm have been included for comparison. The spectra of the cable configurations are more similar
to SmoothNotTripped than Smooth at both θ = 20◦ and θ = 60◦. However, the differences with SmoothNotTripped
are still significant, especially at θ = 60◦ (Figs. 20c and d). In that location there are large differences between
the various cable densities, and they have significantly higher levels than Spheres4mm and Smooth. This suggests
that the flow in the separation region is significantly affected by the cable and is sensitive to the cable density. At
θ = 20◦ the levels of the cable configurations are lower than SmoothNotTripped. Smooth has significantly lower levels
than SmoothNotTripped and the cable configurations at both locations. This difference is explained by the lower
turbulence intensity of Smooth in the recirculation region. SmoothNotTripped and the cable configurations have early
and non-uniform separation, which prevents a stable recirculation region to exist as in Smooth.
of SmoothNotTripped, typical of the subcritical regime.
4.2.2. Low frequency noise
The far field noise spectra measured at θ = 46◦ (M3) are shown in Fig. 12a. At low frequencies, noise radiated
by Smooth and the cylinders with distributed roughness is dominated by vortex shedding peak(s). The tripped smooth
configuration has a vortex shedding peak at S t ≈ 0.26, which is in agreement with previously reported measurements
[30] and indicates that the tripping is successful. The cylinders with distributed roughness also have vortex shedding
peaks, but at significantly smaller Strouhal numbers than the smooth case, at about S t ≈ 0.20. It was seen in past
experiments that cylinders with roughness as large as h/D = 0.03 had strong coherent vortex shedding with values
of Strouhal number and drag coefficient close to the subcritical regime values. The mean drag appeared to keep
increasing with h/D up to the highest tested roughness size. The present roughness configurations follow this trend.
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The explanation was due to the effect that roughness had on the TBLs. According to Guven et al. [32] roughness
causes the TBLs to be thicker and with a higher momentum deficit, which implies an earlier separation than the
smooth cylinder and a wider wake. This explains the decrease of Strouhal number. The PIV measurements (Figs. 17a
and b) are in agreement with the previous argument. According to Zdravkovich [34], for coherent vortex shedding
to be present it is required that there is homogeneous separation along the span. That appears to be the case for the
present distributed roughness sizes.
The on-surface pressure spectra (Fig. 16 shows clearly the vortex shedding peaks. The fundamental peak Strouhal
number is 0.2, the same value measured in the far field noise. At the downstream stagnation line, the first harmonic,
corresponding to the alternating drag force, is more intense than the fundamental one. In the other locations the
fundamental peak is dominant over the first and second harmonics. This indicates that the pressure fluctuations
related with the oscillating lift are much stronger close to the separation region than close to the stagnation line, and
the opposite happens for the pressure fluctuations associated with the oscillating drag, at twice the vortex shedding
frequency.
Using the measurements of six on-surface microphones (M4-M9) located along the span, the spanwise correlation
of the shedding was studied. The distance between microphones was 0.4D, and the microphones closer to the cylinder
endplates were far enough from them to avoid end effects. The two-point correlation coefficient of two time signals





where the cross-correlation function of two signals is defined as:






p(zi, t)p(z j, t + τ)dt. (3)
The signal pi(t) corresponds in this case to one of the microphones closer to the endplates, and p j(t) to the signals
obtained from the other microphones, in order of increasing distance to the first microphone. In this way the correlation
coefficient is obtained for each of the six pairs of microphones. The results are shown in Fig. 21a. The smooth cylinder
exhibited an approximately constant decrease rate of correlation up to the maximum measured distance, ∆z/D = 2.4,
where ρ ≈ 0.5, i.e. a significant correlation is still present. The smooth cylinder without roughness strips is also
shown. The two-point correlation in this case falls abruptly to levels ρ < 0.1 for ∆z/D > 0.7. In the subcritical regime
a significant two-point correlation is present at least until ∆z/D ≈ 10. The present configuration, with an aspect ratio
of 3.9, is insufficient to develop coherent vortex shedding due to the end effects. It is, however, enough to develop
coherent vortex shedding in the supercritical regime, where the correlation length is shorter and the end effects are
weaker. The results corresponding to the smooth cylinder configurations agree with the previous observations. The
rough cylinders exhibit a stronger decrease of correlation than the smooth cylinder for distances up to approximately
0.5D, but for larger distances the correlation diminishes slowly, resulting in a two-point correlation value similar to the
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smooth cylinder at ∆z/D = 2.5. There are small differences between the various roughness elements, except for the
larger hemispherical elements, which have a higher decrease of correlation for ∆z/D > 1. It still presents, however, a
correlation coefficient ρ ≈ 0.3 at ∆z/D = 2.5. These results explain why the vortex shedding peak noise levels are so
high for the rough cylinders. The spanwise shedding coherence together with the early detachment of the TBL due to
roughness causes a large increase of the radiated noise levels. It is remarkable that, despite the size of the roughness
elements, the TBLs are homogeneous enough along the span to allow a uniform separation (observed previously by
Zdravkovich for smaller roughness size [33, 35]). It is expected that for larger roughness (larger value of h/D), the
TBLs will be more heterogeneous causing a decrease of the spanwise shedding correlation length and of the noise
peak levels. The state of the TBLs previous to separation is also important regarding the roughness noise generation
mechanisms. If the TBL prior to separation are not developed enough, the noise sources will be significantly different
from the ones on a fully developed TBL and so will be the radiated noise.
The far field and on-surface microphone signals were acquired simultaneously in order to analyse their coherence.
The coherence is defined as:
γi j( f ) =
Pi j( f )2
Pii( f )P j j( f )
, (4)
where Pi j is the cross-power spectrum of the signals i and j, and Pii and P j j are the power spectral densities of
signals i and j. Only the results of one pair of microphones and one roughness configuration are shown (in addition
to the smooth cylinder case), since all of them show the same features. The coherence function of one of the on-
surface microphones and one of the far field microphones is shown in Fig. 21b. A clear peak close to the vortex
shedding frequency is observed, for both the smooth and rough cylinders. The magnitude is slightly higher for the
rough cylinder, and is broader. The rough cylinder also has weaker peaks corresponding to the harmonics of the
fundamental shedding peak. No significant coherence is observed for frequencies other than vortex shedding.
The two cable configurations with lowest cable density (CablePerp6 and CablePerp15) show no vortex shedding
peak, and spectral levels close to SmoothNotTripped in the low frequency range S t < 0.26. The cable configuration
with the highest surface density (CablePerp40) has a weak but discernible vortex shedding peak at S t ≈ 0.2, a value
close to the one of cylinders with distributed roughness. It is known that dense circumferential grooves have the same
effect on the mean drag and vortex shedding frequency as distributed roughness [35]. In the present case, results
suggest that transition to the fully rough regime has not occured. Higher surface cable density is needed to induce a
fully rough TBL, and uniform along the span, before separation.
All vortex shedding peaks scale with U5.5−6o , which is in agreement with the expected scaling with U6o , given the
uncertainty of the velocity exponents. For frequencies between fvs and frn, corresponding to the spectral fall-off, the
smooth cylinders show a scaling close to U6o , while the distributed roughness and cable configurations scale closely
with U7o (except for CablePerp15, which is thought to be anomalous).
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5. Conclusion
An experimental investigation of the aerodynamic noise generated by a circular cylinder with various types of large
roughness has been performed. Aerodynamic flow around rough bluff bodies is a relevant problem to the automobile,
rail and aerospace industries. In particular, aircraft landing gear noise has been the main motivation here.
It has been shown that circular cylinder noise due to large dense distributed roughness is dominant in all the tested
frequency range. Roughness noise is dominant at high frequencies, and the peak frequency is well predicted from
Howe’s roughness noise theoretical model if the dominant sources are located in the region of maximum outer ve-
locity, prior to separation. Cylindrical roughness shows lower peak levels than hemispherical roughness for both the
circular cylinder and the flat plate, which is thought to be due to cylindrical roughness causing an outwards shift of the
mean velocity and Reynolds stress profile, with respect to hemispherical roughness. For the flat plate, the roughness
noise peak levels are well predicted by Howe’s theoretical model, especially for hemispherical roughness. Cylindrical
roughness generates remarkably higher noise levels than hemispherical roughness at higher frequencies. It is hypothe-
sised to be caused by interstitial flow noise sources, in particular sharp edge separation. Cable-type roughness aligned
with the mean flow doesn’t generate roughness noise, even for the densest distribution, where transition happens prior
to separation. These results support the need for a certain roughness geometry parameterisation. The roughness noise
models in the literature need to be extended to account for roughness shape dependency, and for favourable pressure
gradients. This is required if the empirical content of the approach is to be kept to a minimum.
Regarding low and medium frequencies, the emitted noise by the cylinder with distributed roughness has the
same features as the smooth cylinder, but with early separation and smaller spanwise correlation length induced by
roughness. Its shedding peak levels are significantly higher, despite of the loss of spanwise coherence, and the fall-off
levels are also higher. The early separation induced by the roughness applied to cylindrical struts causes a shift in the
spectra to lower frequencies, which needs to be accounted for in the modelling of the large components.
Appendix A. Howe’s model
The first model considered was developed by Howe [7], and was later extended by Liu and Dowling [11, 12]. The
far field noise spectrum is calculated from Lighthill’s acoustic analogy in the wavenumber-frequency domain. Instead
of using Curle’s formulation, in which the free field Green’s function is used and the effect of the wall is contained in
additional surface integrals, it uses a Green’s function tailored to the rough wall geometry. Thus, the noise sources are
defined by Lighthill’s quadrupole sources ∂2Ti j/∂xi∂x j ≈ ρo∂2uiu j/∂xi∂x j. The roughness elements are hemispheres,
and they are considered to be acoustically independent, with a small correction to account for neighbouring elements.
A smooth wall model of the turbulent pressure field, appropriately scaled with the friction coefficient and the TBL
thickness to account for roughness and shifted above the roughness height, is used to model the noise sources. In the
derivation of the noise spectrum a two-dimensional integration over wavenumber space needs to be performed. Howe
[7] used an asymptotic expansion around the convective peak of the wall pressure wavenumber-frequency spectrum
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(k1 ≈ ω/Uc, k3 ≈ 0), and retained only the leading order term. Liu and Dowling [11] suggested this approximation
was insufficient and developed a numerical method to perform the integration exactly. That numerical method has









Φ(ω)D f (θ, φ, ω), (A.1)
where δ∗ is the TBL displacement thickness and the PSD is such that p2 = 12pi
∫
PR(x, ω)dω. The function D f (θ, φ, ω)
contains the directivity information of the emitted sound:


















Γ sin η cos ηd(|k| δ∗)dη, (A.5)
Γ = |γ(|k|)|2 δ∗2Φˆ(k, ω)Ψ(|k|) exp(−2 |k| h)(|k| δ∗), (A.6)
γ(|k|) = (k2o − |k|2)1/2. (A.7)
The |k| δ∗-integral upper limit must be specified. Liu and Dowling argue that the weighting factor exp(−2 |k| h)
assures the convergence of the integral and that |k| δ∗ < 25δ∗/h is large enough for practical purposes.
The calculation of the far field noise spectrum involves the state of the TBL. In particular the following magnitudes
and functions are required: the TBL displacement thickness δ∗, the skin friction coefficient c f , the convection velocity
Uc, the point pressure spectrum Φ(ω), and the surface pressure wavenumber-frequency spectrum Φˆ(k, ω). The friction
coefficient and thickness of the rough wall TBL were estimated using the models of Mills and Hang [41] and Krogstad
et al. [42], respectively. For dense distributed roughness, the equivalent roughness height is of the order of the
geometrical roughness height hs ∼ h [24]. For dense hemispherical roughness it was shown that taking hs = h is
appropriate [11]. The model used for Φ(ω) is the one proposed by Ahn [45], as suggested by Liu and Dowling. Liu
and Dowling found little differences between various existing models of Φˆ(k, ω), regarding the noise generation. Here
Corcos model [51] has been used.
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Appendix B. Smol’yakov’s model
This model was developed by Smol’yakov [21]. The far field noise spectrum radiated by a small surface element
of area S is:



















z6 exp(−ξ2z2 + (8.5√2ξ − 1)z)dz, (B.2)
where KR is a proportionality constant. The parameters KR and S tr must be determined by measurements.
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Figure 16. On-surface pressure spectra of cylinders with distributed roughness (angle measured from downstream stagnation line); (a) SPL1/3 from
M1, at Re = 2.2 × 105, (b) ∆SPL1/3 from M1, at Re = 2.2 × 105, (c) SPL1/3 from M2, at Re = 2.2 × 105, (d) ∆SPL1/3 from M2, at Re = 2.2 × 105,
(e) θ = 120◦,SPL1/3 from M3, at Re = 3.2 × 105 and Re = 1.6 × 105, and (f) ratio of far field noise spectrum measured at M8 and on-surface
pressure spectrum measured at M3.
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(a) (b)
Figure 17. Mean (a) and RMS (b) x-velocity fields of the circular cylinders with distributed roughness, measured using PIV. (Some of the wind
tunnel windows had opaque patches, which have been deleted from the flow field. Also, the region close to the wall is contaminated by wall










































Figure 18. Far field noise spectra of the cylinder with helicoidal cable measured at M3, at Re = 3.2 × 105; (a) SPL1/3, (b) ∆SPL1/3 (Smooth levels
subtracted).
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Figure 19. Velocity scaling with U5o (red), U
6
o (black) and U
7
o (blue), for Uo = 27, 34, 40 m/s, measured at M3; (a) Smooth, (b) SmoothNotTripped,
(c) CablePerp6, (d) CablePerp40.
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(d)
Figure 20. On-surface pressure spectra of cylinder with helicoidal cable at Re = 2.2 × 105 (angle measured from downstream stagnation line); (a),
(c), (e) are SPL1/3 spectra, and (b), (d), (f) are ∆SPL1/3 spectra.
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Figure 21. (a) Spanwise correlation (measurements of Szepessy [50] in the subcritical regime are also included) and (b) coherence between far
field and on-surface pressure signals.
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